A study is reported of the effect of early visual experience on the development of auditory space perception. The spatial hearing of thirty-five children with visual disabilities (twenty-two with congenital total blindness) was compared with that of eighteen sighted children and seventeen sighted adults. The tests provided a comprehensive assessment of spatial-hearing ability, including psychophysical estimates of spatial resolution in the horizontal, vertical, and distance dimensions, as well as measures of reaching and walking to the locations of sound sources. The spatial hearing of the children with visual disabilities was comparable to or somewhat better than that of the sighted children and adults. This pattern held even when the group with visual disabilities was restricted to those children with congenital total blindness; in fact, some of those children had exceptionally good spatial hearing. These findings imply that the developmental calibration of human spatial hearing is not dependent on a history of visual experience. It seems likely that this calibration arises from the experience of changes in soundlocalization cues arising from self-motion, such as turning the head or walking. As a practical matter, orientation and mobility instructors may reasonably assume that individuals with visual disabilities can use their hearing effectively in day-to-day travel situations.
Introduction
What role does visual experience play in the development of auditory space perception? There has been long-standing theoretical interest in this question within the disciplines of experimental psychology, sensory rehabilitation, and neuroscience. On a practical level, persons with visual disabilities rely on their hearing for tasks such as maintaining appropriate interpersonal distance, walking straight along hallways, and using traffic sounds to line up for street crossings (Hill and Ponder 1976 ). Yet the empirical evidence about how these abilities develop in the absence of normal visual experience is conflicting and difficult to interpret.
Two general perspectives, deficit versus compensation models, can be identified with respect to the role of vision in the development of spatial hearing. According to the deficit model, a lack of typical visual experience impairs perceptual and other areas of development. This position has been suggested in some reviews of research on human visual disabilities (eg Jones 1975) and is supported by results of experimental visual deprivation in animals (eg Knudsen et al 1991) . In the context of Gottlieb's (1976) scheme for considering the role of experience in development, a strong version of the deficit model assumes that visual experience normally plays a crucial inductive role in the development of spatial hearing, and that other kinds of experience cannot be substituted. The compensation model focuses on the possibility that, in the absence of typical visual experience, nonvisual areas of perception may become more highly developed than in sighted individuals. This model has also received support from studies of humans (eg Rice 1970) and animals (eg Rauschecker and Korte 1993 ). The compensation model assumes that, although visual experience may normally play a role in the development of spatial hearing, other kinds of experience can also play a beneficial role. A strong version of the model predicts that spatial hearing may actually be better in persons with visual disabilities, because hearing is needed to provide information normally available through vision. The deficit and compensation models lead to opposite predictions about the differences in spatial hearing between people with and without a history of early visual disabilities. The deficit model suggests that spatial hearing would not be as good in persons with early visual disabilities as in those with normal vision, whereas the compensation model predicts either no difference or a superiority in persons with early visual disabilities.
The empirical evidence about the role of visual experience in the development of spatial hearing is spread across various disciplines, over a long period of time, with some pertinent studies having appeared in the mid-1900s. Accordingly, our literature review is diverse with respect to content area and time period. We first consider some recent neuroscience findings and then summarize findings on spatial hearing in persons with visual disabilities.
Experimental animal models of visual restriction have been reported for several species, typically with binocular lid suture as the means of visual deprivation. Studies have been done with rats (Spigelman and Bryden 1967) , guinea pigs (Whithington 1992) , cats , ferrets (King and Carlile 1993) , and barn owls (Knudsen et al 1991) . The pattern of findings is rather complex, perhaps because of species variations and differences in the level of experimental analysis. The most adverse effects on spatial hearing have been reported for barn owls, particularly for sounds emanating from locations where the localization cues consist of frequencyspectral patterns. At the other extreme, domestic cats appear to acquire enhanced spatial hearing as a result of early visual deprivation. The goal of most of this work with animals has been to investigate processes leading to the normal coordination of visual and auditory space perception (see Knudsen and Brainard 1995) rather than the effects of visual deprivation per se. Nevertheless, the diversity of findings, especially the variations across species, suggests caution about generalizing to people.
In psychological and educational studies of persons with visual disabilities, the notion that spatial hearing is enhanced by nonvisual compensatory processes has been popular for some time. One classic set of studies that supported this idea was the investigation of 'facial vision' by Dallenbach and his colleagues. This term describes the phenomenon that, as one approaches a reflective surface like a wall, there may be a feeling of something impinging on the face (eg Ammons et al 1953) . A series of studies demonstrated that this ability to perceive surfaces is based on hearing, although the specific acoustic information was not determined. This work included some studies of persons with blindness (eg Worchel et al 1950) , and there was a widely accepted implication that facial vision was particularly well developed in many people with visual impairments.
During the 1960s, Kellog (1962) , Rice (1967 Rice ( , 1969 , , and further demonstrated the use of reflected sound by individuals with visual disabilities. More recently, Ashmead et al (1989) showed that school-aged children with visual disabilities detected obstacles on the basis of reflected sound. The term 'echolocation' has caught on as a description of this ability, although there is no evidence that people can do range finding of the sort that sonar devices and some species of bats and whales are capable. Rather, people with or without visual disabilities appear to be sensitive to reverberant properties of sound fields (Mershon et al 1989; Worchel et al 1950) . Despite the popularity of the idea that visual impairment is associated with enhanced echolocation, we are not aware of any systematic comparisons of this sort of ability across groups differing in visual experience.
The work on facial vision and echolocation showed that people can locate environmental features which reflect sound but are not themselves sources of sound.
As regards work on the spatial perception of actual sound sources, there is mixed evidence about the effects of visual disabilities on spatial hearing. Some investigators have reported that people with visual disabilities have better sound localization than people without visual disabilities (Muchnik et al 1991; Niemeyer and Starlinger 1981;  see also a report on cats by Rauschecker and Kniepert 1994) . Recently, some electrophysiological and neurophysiological evidence consistent with compensation processes has been reported Kujala et al 1992; Rauschecker and Harris 1983; Rauschecker and Korte 1993) . However, other investigators have reported either no differences related to visual experience or differences favoring people without visual disabilities (Curtis and Winer 1969; Fisher 1964; Jones 1975; Spigelman 1976; Tonning 1975; Veraart and Wanet-Defalque 1987; Wanet and Veraart 1985; Warren and Pick 1970) . Also, infants and toddlers with congenital visual disabilities tend to be severely delayed in motor and perceptual-motor development, including responsiveness to sound-producing objects Fraiberg 1974, 1976; Fraiberg 1977; Fraiberg et al 1966; see also Clifton et al 1993) . A host of factors probably contributes to this developmental delay, but it is reasonable to speculate that six months of low responsiveness to sounds might have an adverse long-term effect on spatial hearing.
Many studies of the effects of visual disabilities on spatial hearing are difficult to interpret because of limitations in methodology or design (see Warren 1984 Warren , 1994 . One of the most serious problems is that measures of sound localization have tended to be rather coarse grained. For example, some studies used a 12-point clock-face scheme in which participants indicated to the nearest mark where a sound came from in the horizontal plane (eg Hayes 1935; Muchnik et al 1991) . With marks at intervals of 30° (360/12), two groups would have to differ by a large amount for a difference to be apparent. Given that minimum audible angles in the horizontal plane are about 2° (Mills 1972 ), a clock-face design may be too coarse a rating scale. Other problems with past studies include small sample sizes, incomplete specification of the visual histories of participants, a tendency to focus on horizontal directional localization to the exclusion of other spatial dimensions, and an underemphasis on direct functional tests such as walking to the locations of sound sources.
The present study on the role of visual experience in the development of human spatial hearing was designed to address some of these problems by using precise measures of spatial hearing, by including the functional tasks of reaching and walking to sound sources, and by testing a reasonably large sample of children with welldocumented histories of visual disabilities. The sample of thirty-five children with visual disabilities included twenty-two children with congenital total blindness. The spatialhearing ability of these children was compared with that of children and adults without visual disabilities. The measures of spatial hearing consisted of psychophysical estimates of spatial discriminability (minimum audible angles in the horizontal and vertical dimensions, and minimum audible distance), reaching for the three-dimensional location of a sound source, and walking to the perceived distance of a sound source.
2 Method 2.1 Participants A total of two groups of children and two groups of adults participated in the three experiments, although only the children with visual disabilities took part in all the experimental tasks. The group of thirty-five children (thirteen girls, twenty-two boys) with visual disabilities ranged in age from 6 to 20 years with a mean of 14.4 years (SD = 4.2). Visual-acuity status and onset age of visual disability are summarized in table 1. We recruited as many participants as feasible with congenital total blindness, because that developmental history permits the strongest test of the importance of visual experience in the development of spatial hearing. A subset of twenty-two participants were totally blind (no light perception, or light perception only) from birth. All children with visual disabilities attended residential schools for the blind and functioned within 1 year of age-appropriate grade levels. None had additional disabilities as shown by school records, and thirty-three had received formal orientation and mobility training. The group of eighteen children (ten girls, eight boys) without visual disabilities ranged in age from 12 to 15 years with a mean age of 12.9 years (SD = 0.9). All children were within 1 year of age-appropriate grade levels. None had any disabilities by parental report, although some had vision corrected by eyeglasses or contact lenses. The first group of eight adults (seven women, one man) were university students from 22 to 49 years old (mean = 30.9 years, SD = 8.4). The second group of nine adults (seven women, two men) were also university students from 19 to 50 years old (mean = 22.9 years, SD = 9.9).
Different groups of participants were selected for different experimental tasks in order to provide a conservative test of the possibility that children with visual disabilities had more precise and more/accurate spatial hearing than individuals without visual disabilities. We first tested children with and without visual disabilities on two experimental tasks, and found that the performance of the children with visual disabilities was superior to that of the children without visual disabilities. Subsequently, we added two groups of adults without visual disabilities to provide a more stringent comparison for the children with visual disabilities. We compared children with visual disabilities with adults without visual disabilities in tasks which incorporated cognitively complex instructions and an element of motor performance, figuring that the adults would perform the tasks optimally. Table 2 summarizes the experimental groups and their tasks. Although sample sizes across groups were unequal, within-group variability was low, particularly in the adult groups. An audiologist on the research team performed hearing assessments of children, consisting of otoscopic evaluation, tympanometry, and hearing screening (GraysonStadler GSI-16 or Beltone 112 portable audiometer). The hearing screening was conducted between 500 Hz and 4000 Hz at levels of 15 to 40 dBHL, depending on the level of background noise in the testing environment. This screening was performed to rule out hearing loss which might influence performance on spatial-hearing tasks. No audiological abnormalities were identified in any children. The adult samples had normal hearing by self-report.
Setting and equipment
We tested children with visual disabilities and adults in classroom settings, and children without visual disabilities in a laboratory room at a hearing-and-speech facility. All participants were blindfolded to control for effects of residual vision and the acoustic effect of the blindfold. Background noise levels ranged from 30 to 45 dB-A SPL in the classrooms, and from < 30 to 35 dB-A in the laboratory room. If there were any effects of background noise, the lower background-noise level for the children without visual disabilities would have favored their performance. The auditory stimuli used in all the tests were Gaussian noise signals, prerecorded on audiotapes and delivered via an electronic relay switch through 4-inch (10 cm) JBL (model 8110, Industrial Series) loudspeakers, with Crown D75 amplifiers. The sound source was calibrated to 65 dB-A at the listening position prior to each testing session. No rise or fall time shaping was performed on the stimuli, because the sharp onset transients provide excellent timing information for sound localization.
We measured the accuracy of reaching to a stationary sound source with an Optotrak (Northern Digital, Inc) motion-analysis system. This system uses camera/computer equipment to three-dimensionally monitor the locations of small infrared-emitting marker lights within 2 mm at a sampling rate of 20 Hz. Markers were taped on the loudspeaker, the participant's right index finger and shoulder, and the wall above the task area. Marker lights mounted on the wall indicated the precise time that the sound stimulus began and ended.
Procedure
The three spatial-hearing tasks were (a) minimum audible changes in location (horizontal, horizontal at an angle of 45°, vertical, and distance versions), (b) reaching for sound sources, and (c) walking to sound sources (see table 1 ). Because all the tasks required significant experimenter participation, multiple experimenters conducted the tests to reduce effects of experimenter bias. The major sources of potential experimenter bias would have been in the positioning of the hand-held loudspeakers in all tasks and the measurement of walking distance in task (c).
To obtain a full description of the participants' abilities we tested sound localization with two types of procedures: a psychophysical procedure and procedures involving a motor response. Accuracy of sound localization, ie knowing where something is, is commonly determined by overt responses such as pointing, reaching, or verbally indicating a location. However, these responses are constrained not only by spatial perception but also by the movement response itself. Thus, a person might perceive the location of a sound source accurately but be unable to perform a movement exactly to the location of the sound source. Finer measures of sound localization are typically obtained by using a psychophysical paradigm to find the smallest discriminable change in location. This approach minimizes the effect of response factors but, strictly speaking, it tests the perception of changes in sound location rather than accurate localization. A person might notice very small changes in location of a sound source without knowing the exact location of the source. Because of these considerations, we tested sound localization by using both types of procedures. The measures of reaching and walking determined the accuracy with which sounds could be localized. The tests for minimum audible changes indicate the ability to discriminate differences in sound location.
2.3.1 Spatial hearing: minimum audible angle and minimum audible distance. The ability to discriminate differences in sound location was assessed with four separate subtests: horizontal minimum audible angle, 45° horizontal minimum audible angle (participant faced 45° from the reference sound), vertical minimum audible angle, and minimum audible distance. The subtests were given in random orders, except that the two horizontal tests were bundled together. The 0° version was given before the 45° version to provide participants experience with the conceptually less difficult task first.
The procedure was similar across the four subtests and is described here for the horizontal test. The participant was seated 1.75 m in front of a plywood arc marked off in 0.5° increments, from -25° to 25°, such that 0° azimuth was directly forward and at ear level. The stimuli were two 500-ms noise bursts separated by a 1000-ms silent interval. An experimenter held the loudspeaker at the 0° azimuth position for the first sound, and moved to the left or right (in random order) during the silent interval between sounds. This hand-held procedure allowed us to present very small changes in the loudspeaker position. The speaker was positioned on a clearly marked template with the speaker always facing the participant when the sound was presented. Because all sounds came from the same loudspeaker, the task could not be solved by listening for spectral differences which tend to exist between loudspeakers, and pilot testing showed that adults could not hear the movements of the loudspeaker between noise bursts. The participant's task was to indicate whether the second sound came from left or right of the first sound. Most children responded by saying the words 'left' or 'right', but a few of the younger children with visual disabilities responded by pointing. Experimenters gave periodic words of encouragement, but no feedback on response correctness. The adaptive psychophysical procedure was a two-down, one-up staircase: after two correct responses, the angle was decreased to make the task more difficult, and after every incorrect response the angle was increased to make the task easier. The initial angle was 10°. Decreases were set by dividing by 2 1/2 and increases were set by multiplying by 2 1/2 , with rounding to the nearest 0.5° and a lower limit of 0.25°. Use of the factor 2 1/2 allows changes to be larger toward the beginning of the session and smaller as the threshold stimulus value is approached. The threshold was the mean of stimulus levels on the 3rd through 8th reversals. There were minor variations for the other subtests. For the 45°-horizontal test the participant faced left or right by 45°. This is a more conceptually difficult task because the left-right judgment no longer corresponds to the listener's left and right, and some of the younger children did not understand the task well enough to be tested. For the vertical test, the plywood arc was rotated upright and children made judgments of 'up' versus 'down' (again with an initial angle of 10°). The 0° position remained at ear level. For the distance test, the plywood arc was replaced by a wooden ruler 2 m long marked off in 0.5-cm increments. Children judged whether the second sound was nearer or farther away than the first. The first, or reference, sound was positioned at the middle of the ruler, 175 cm from the participant. The initial difference in distance was 20 cm (either 155 or 195 cm). The same sound level was maintained throughout each test so that, on the distance task, familiar sound level was a reliable cue for distance.
2.3.2
Reaching for sounds. This task indicated how accurately participants reached to a stationary sound source. The participant stood facing the experimenter, who held the loudspeaker in one of twelve regions determined by the horizontal (left, middle, right), distance (near, far), and vertical (ear level, chest level) dimensions. Loudspeaker positions were not fixed within regions, so that the participant could not become used to reaching to a specific point in space. We positioned the Optotrak to the participant's right and taped marker lights on the participant's right finger and shoulder. We aimed the loudspeaker toward the participant's head to avoid spectral and intensity variations due to the directional character of the sound field. The experimenter holding the loudspeaker wore no jewelry, clothing, or perfume that might give positional cues from noise or smell. There were four 12-trial blocks, each block containing all twelve of the target regions in random order.
Each trial consisted of a 1-s noise burst, after which the participant reached to the perceived location of the loudspeaker. The participant said "there" when he or she positioned his or her right index finger at the perceived location of the sound. Just after the sound, the experimenter moved the loudspeaker out of the way so that the participant would not gain positional information through physical contact. Pilot testing confirmed that adults could not perceive the location of the loudspeaker when it was moved without a noise burst being presented. The participant held his or her finger in the chosen position while an experimenter pressed a button which recorded the finger position in the Optotrak.
The children without visual disabilities performed the reaching task under two conditions, with and without visual support. In the visual condition children watched the placement of the loudspeaker as the sound was produced. As soon as the sound stopped, they closed their eyes and reached to the location where they thought the sound originated. In the auditory condition, children were blindfolded throughout the trials. The visual condition was included for comparison with another experiment, not reported here, and to give children practice at the task of reaching. Children with visual disabilities performed the task only in the auditory condition and were blindfolded throughout the task. Any practice effect gained from reaching after seeing the target would have favored the sighted children.
2.3.3
Walking to sounds. Children with visual disabilities and adults without visual disabilities performed this task which was modeled after an experiment on the role of self-motion in auditory distance perception (Ashmead et al 1995) . The task allowed measurement of the accuracy of auditory distance perception, as well as the ability to use changes in sound arising from self-motion as a cue to distance. The blindfolded participants listened to sounds presented at ear level from 3, 4, 5, 6, or 7 m straight ahead, and then attempted to walk to the location of the sound source. A free walking space of at least 9 m was cleared at each task site. We stretched a hand-held guide string across the area to facilitate walking straight and to provide a tactile warning if participants came too close to the walls at either end. A tape measure was secured to the floor parallel to the string in order to measure how far participants walked.
Each trial consisted of a 1-s burst of noise, after which the participants walked to where they thought the sound originated. As with the reaching task, input sound level to the loudspeaker was held constant across trials, so familiar sound level was a reliable distance cue. Each distance was presented four times in each of two listening conditions, stationary and moving. In the stationary condition the participant stood still until just after the sound was presented, then walked to where the sound seemed to have originated. In the moving condition, the participant backed up a step from the starting position and started walking forward. The 1-s sound was presented just after the participant began walking forward. The participant kept walking to where he or she thought the sound originated. When the participant stopped, an experimenter recorded where the toe of the forward foot lined up with the tape measure on the floor. There were four 10-trial blocks, each containing 1 stationary and 1 moving trial at each of the five distances in a random order.
Results

Sound localization: minimum audible angles and distance
Mean values for the minimum audible angles and minimum audible distance are shown in figure 1. The children with visual disabilities had thresholds comparable to or better than the sighted children and adults. An analysis of variance for the differences between groups (children with visual disabilities, children without visual disabilities, adults without visual disabilities) was conducted for each of the four measures shown in figure 1. There were overall group differences for horizontal minimum audible angle (i^5 7 = 4.88), vertical minimum audible angle (F 2 , 55 = 7.23), and minimum audible distance (F 2^7 = 3.60), but not for the horizontal minimum audible angle with the 45° reference (4, 49 = 1.91, p « 0.159). Follow-up analyses were conducted by using analytical comparisons (Keppel 1991) to test the pairwise contrasts between groups. For the horizontal minimum audible angle, the children with visual disabilities had smaller angles than the sighted children CF 1?57 = 8.94), and the sighted adults had smaller angles than the sighted children (F 1}51 = 4.99). The mean angles for the children with visual disabilities (1.75°) and the sighted adults (1.70°) were in good agreement with typical values of 1° to 2° (Middlebrooks and Green 1991; Mills 1972) . For the vertical minimum audible angle, the children with visual disabilities had smaller angles than the sighted children CF 1?55 = 5.83) and the sighted adults (F 1?55 = 12.14). Likewise, for the minimum audible distance, the children with visual disabilities resolved smaller distance changes than the sighted children (^1,57 = 4.53) and the sighted adults CF 1;57 = 11.39). It is conceivable that the adult performance on vertical and distance localization was affected by presbycusis (highfrequency hearing loss); however, most of the adults were in their twenties, an age at which such loss is minimal. For the minimum audible angle with the 45° reference, neither the overall analysis of variance nor any analytical comparisons showed group differences. In summary, the pattern of findings was that children with visual disabilities resolved small changes in locations of sound sources comparably to or somewhat more precisely than sighted children and sighted adults.
One might speculate that the impressive precision of sound localization by the children with visual disabilities was due to the subsample of children who had some residual vision or who had an earlier history of visual experience. To examine this possibility, a set of analyses was carried out in which the sample of children with visual disabilities was restricted to those who were congenitally visually disabled, with either no light perception at all or light perception only. As figure 1 shows, the mean thresholds across these twenty-two children with congenital total visual disabilities were nearly identical to the means for the entire group of thirty-five children with visual disabilities. In analyses of variance, there were differences between groups (children with visual disabilities, children without visual disabilities, adults without visual disabilities) for the horizontal minimum audible angle (F 2?45 = 4.42), the vertical minimum audible angle (F 2^44 = 11.56), and the minimum audible distance CF 2)45 = 4.84). Follow-up analytical comparisons showed exactly the same pattern of pairwise group differences as reported above for the entire group of children with visual disabilities. These findings indicate that children with congenital total visual disabilities localized sounds with precision comparable to or better than sighted children and sighted adults.
With regard to the differences between children with visual disabilities and sighted children, it was possible that age was a confounding factor (mean ages were 14.2 and 12.9 years, respectively). To assess this, the analyses of variance were repeated, this time as analyses of covariance with age as the covariate. The same pattern of group differences was found in these analyses. Therefore, it is unlikely that the children with visual disabilities localized sounds more precisely than the sighted children simply because the former group was older on average. Additional evidence supporting this is that the children with visual disabilities did better than the sighted adults on some of the tasks.
Reaching for sounds
The findings described so far have focused on discrimination of small changes in the locations of sound sources, but sound localization in the everyday sense of the term means knowing where a sound source is and being able to act on that knowledge. To assess the accuracy of sound localization, participants were asked to reach out and put their index finger where a sound had just been presented. As described in section 2, sounds were presented from various locations. The findings were collapsed across locations, because there were no systematic effects of location in preliminary analyses.
Overall accuracy of reaching for sounds is conveyed by the unsigned three-dimensional-error score, that is, the straight-line distance from the terminal finger position to the position of the loudspeaker marker (when the sound was presented). The mean error was 200 mm (SEM = 6 mm) for the children with visual disabilities and 218 mm (SEM = 9 mm) for the children without visual disabilities. The group difference was not significant by an analysis of variance CFi j51 = 2.64, p = 0.110). When only those twentytwo children with congenital visual disabilities and acuities of light perception or less were considered, their mean error was 210 mm (SEM = 7 mm).
Reaching errors were also calculated for each spatial dimension (horizontal, vertical, distance). Absolute error, the mean unsigned error, reflects overall reaching accuracy; constant error, the mean signed error, reflects any systematic tendency to misreach; and variable error, the standard deviation around the constant error, reflects consistency of reaching. The mean errors are shown in figure 2 for each group on each spatial dimension.
For each type of error (absolute, constant, and variable) an analysis of variance was performed with sightedness (visual disability vs sighted) as a between-subjects variable and spatial dimension (horizontal, vertical, and distance) as a within-subjects variable. Each of these analyses of variance showed a significant interaction of sightedness group and spatial dimension, a significant main effect of spatial dimension, and no main effect of sightedness group. The interaction effects, which were of primary interest, were as follows: absolute error, ^,102 = 7.58; constant error, F 2^02 = 8.48; and variable error, ^,102 = 4.23. Follow-up analyses were conducted by using analytical comparisons among the means, comparing scores of children with and without visual disabilities within each spatial dimension. Again, the pattern of results was the same when the children with visual disabilities were restricted to those twenty two with congenital total disabilities. For absolute errors, the groups had equivalent scores on the horizontal and vertical dimensions, but on the distance dimension the children with visual disabilities had smaller errors than the sighted children (F 1>51 = 10.97). As can be seen in figure 2, the children with visual disabilities missed the target distance by about 11 cm on average, compared with about 14 cm for the sighted children.
For constant errors, both groups were equivalent on the vertical dimension but they differed on the horizontal dimension (i*! 51 = 7.61) and on the distance dimension CF 1?51 = 11.37). The constant errors for distance are noteworthy: sighted children underreached by an average of 9.5 cm compared with just 2.7 cm for the children with visual disabilities. Recall that the children with visual disabilities also showed somewhat more precise sound localization on the minimal-audible-distance task, although that difference was not significant. The constant errors on the horizontal dimension are probably partially attributable to the fact that the marker light for the loudspeaker was on its right edge (from the child's perspective). The center of the loudspeaker was 7 cm to the left of the marker light. The constant errors corrected for this factor (by adding 7 cm to the observed constant error) are 4 cm rightward for the children with visual disabilities and 1 cm for the sighted children. These corrected constant errors are within one standard error of 0 cm (no left/right bias) for both groups. Therefore, both groups showed minimal left/right bias, even though there was a statistically significant difference favoring the sighted group.
For the variable errors there were no significant pairwise differences between groups. In summary, these groups of children had similar error patterns with regard to the directional aspects of reaching (horizontal and vertical errors) but, with regard to distance, the children without visual disabilities underreached more than the children with visual disabilities.
Walking to sounds
For sound sources beyond reaching space, locomotion provides a good measure of the ability to act on auditory distance perception. In the walking task, five distances were used (3, 4, 5, 6, and 7 m). The 3-m distance was not included in any analyses because in the walking condition children sometimes walked rapidly and came very close to the loudspeaker before the sound stopped. This situation compromised the actual stopping distance at the 3-m distance because children pulled up short. This rapid walking may have also introduced a tendency for children to be closer to the targets, on average, in the walking condition than in the standing condition. However, this is an unlikely explanation of differences between the standing and walking conditions, because it would also predict that the standing-walking difference would be greater at shorter target distances, and such an interaction was not found.
For each distance, data were taken in two listening conditions: standing while the noise burst was presented, and walking as the noise burst was presented. For each participant, error scores were calculated for the four trials at each combination of target distance (4,5,6, and 7 m) and listening condition (standing, walking). The error scores were absolute error, constant error, and variable error, as described above for the reaching task.
A set of adults without visual disabilities were tested on the walking task to provide a comparison group for the children with visual disabilities. Mean error scores of children with visual disabilities and adults without visual disabilities on standing and walking conditions averaged over the 4 to 7 m distances are shown in figure 3 . With the data from the children with visual disabilities and the sighted adults, analyses of variance were performed for constant and absolute error at each target distance. Sightedness was used as the between-subjects variable, with listening condition and target distance as the within-subjects variables. For constant error, there was a significant effect of target distance CF 3?120 = 57.21) and an interaction of sightedness with target distance CF 3?120 = 6.37) as well as an interaction of target distance with listening condition CF 3? i 20 = 4.78). For absolute error, there was a significant effect of target distance CF 3?120 = 6.97) and an effect of listening condition (F 3^20 = 4.39), but no effect of sightedness. When analyses of variance were performed on the data averaged across all target distances, only absolute error showed significant effects. There continued to be an effect of listening condition (F hm = 15.01), and an interaction of sightedness with listening condition (F^m = 5.48). The patterns of errors by the sighted adults and the children with visual disabilities on the walking task suggest that the groups performed similarly, except that the children had a greater difference in their performance between the two listening conditions. Further analyses of variance were performed on the group of children because they performed better in the walking condition than in the standing condition, suggesting that they took advantage of the motion-related information about distance. The mean errors for each target distance and listening condition are shown in figure 4. For each type of error (absolute, constant, and variable) an analysis of variance was performed with the listening condition (standing versus walking) and target distance (4, 5, 6, or 7 m) as within-subjects variables. For variable error, these analyses of variance showed a significant main effect of listening condition CF 1>33 = 6.50), meaning that children were more consistent in the walking than in the standing condition. For constant error there were significant effects of target distance CF 3?99 = 130.43) and an interaction of listening condition and target distance CF 3?99 = 10.87). The interaction effect was followed up with pairwise analyses of the effects of listening condition at each target distance. These analyses showed that constant errors differed across listening conditions at the target distances of 4, 5, and 7 m (respectively, F^3 3 = 10.78; F 1?33 = 4.97; and F 1?33 = 5.42). The overall pattern was that when children heard the sound while already on the move they did not overestimate the near targets by as much and they did not underestimate the far target by as much. For absolute error, there were effects of both listening condition (F^ 33 = 16.02) and target distance CF 3?99 = 11.03). 
Discussion
Children with visual disabilities-even those with congenital total disabilities-had spatial hearing comparable to or better than that of children and adults without visual disabilities. This conclusion emerged from a set of converging measures of spatial hearing, including psychophysical estimates of the precision of directional and distance discrimination, reaching for sound sources, and walking to sound sources.
To what extent do these findings suggest that, in the absence of typical visual perception, there is a compensatory developmental enhancement of sound localization?
On one hand, there were group differences in spatial hearing favoring the children with visual disabilities, and some of those children performed very impressively on the experimental tasks as well as in natural settings. On the other hand, the group differences were modest in magnitude despite being statistically significant, with considerable overlap across groups. It seems unlikely that the children with visual disabilities were capable of spatial hearing outside the normal range of human ability (eg horizontal minimum audible angles of about 1°). Instead, they were probably very well practised at utilizing spatial hearing for getting around in day-to-day activities. An implication of our findings, then, is that there is support for neither the pessimistic prognosis of the deficit model that children with visual disabilities cannot develop good spatial hearing, nor the overly optimistic conclusion that they can develop supranormal spatial hearing by a compensatory process. Rather, a reasonable conclusion is that children with visual disabilities can and will fully exploit the spatial-hearing ability available to our species.
Because vision is widely regarded as playing a strong developmental role in the calibration of spatial hearing, the processes by which this calibration can take place without visual mediation are of interest. It seems reasonable to rule out the possibility that spatial hearing is somehow intact at an adult-like level from birth, with no requirement for experiential influence. Behavioral studies of sound localization indicate a substantial amount of development during infancy (reviewed by Clifton 1992) . Furthermore, the need to recalibrate sound-localization cues for growth-related change (see Ashmead et al 1991; Clifton et al 1988) would suggest an important role for continued plasticity. It must be the case, then, that nonvisual processes for calibrating spatial hearing are sufficient. It is useful to consider a general scheme for the role of perceptual experience in development, described by Aslin (1981) and Gottlieb (1976) . They suggested three kinds of experiential effects: induction, facilitation, and maintenance. An inductive effect is necessary for the typical developmental level to be reached, a facilitative effect merely hastens a developmental process which would have been achieved anyway, and a maintenance effect is necessary for a given developmental level to be continued. Our specific concern is how a lifelong history without patterned vision affects spatial hearing. We regard the facilitative model as the most apt description of the developmental effect of vision on spatial hearing. This model is consistent with both the finding that sound-localization behavior is delayed in infants with visual disabilities (Fraiberg 1977 ) and the present finding that spatial hearing is excellent in children with congenital total visual disabilities.
The question that then arises is, what visual experiences facilitate spatial hearing during infancy, and how can spatial hearing be calibrated in the absence of those experiences? This question falls beyond the scope of the present investigation, but a few comments can be suggested. The obvious role of visual input on spatial hearing is to provide spatial information from another modality. This happens hundreds or thousands of times daily as a person hears a sound, looks toward the sound source, and receives visual confirmation of the location. This hear -move -see cycle is not available to persons without visual input; however, the change in sound-localization cues arising from one's own movements is available. When a sound source is continuous or at least intermittent, a listener experiences very systematic changes in the sound-localization cues by making rotational or linear head movements. We suggest that this hearmove-hear cycle provides the basis for excellent calibration of spatial hearing.
In recent years several researchers have reported experimental animal models of the effects of early visual deprivation on spatial hearing. The most relevant studies to the present findings are those in which visual deprivation has been accomplished by suturing the eyelids together, a procedure which prevents patterned vision but permits some crude light perception. When animals are deprived in this way from early infancy, one pattern of findings is that the organization of spatial hearing is disrupted at the level of the optic tectum or midbrain, with individual neurons having broader spatialreceptive-field tuning than is seen in normally reared animals. This has been reported for barn owls (Knudsen et al 1991) , ferrets (King and Carlile 1993) , and guinea pigs (Whithington 1992) . The broad pattern of mapping of auditory space at the optic tectum remains intact in these animals, particularly for the region of space directly in front of the animals' heads. Behaviorally, the animals tend to be less active than their sighted counterparts, although their sound localization does not appear to be all that bad by anecdotal report. A different pattern of findings has been reported for cats, in whom early eyelid suturing resulted in enhanced behavioral sound localization (Rauschecker and Kniepert 1994) and cortical spatial tuning . The reason for the discrepancy between the cat findings and the other findings is not clear at this time. It seems likely that differences in behavioral ecology across species are associated with different roles of vision in the development of spatial hearing.
It is a challenge to reconcile the experimental findings on visual deprivation in animals with the finding that people with visual disabilities have excellent spatial hearing. Developmental processes regulating spatial hearing may differ in primates compared with other orders, and so far the effects of visual deprivation on spatial hearing have not been investigated in nonhuman primates. It may also be problematic that the experimental animals often have been sacrificed at a fairly young age for purposes of data collection, precluding the possibility of investigating a longer-term role for nonvisual calibration of spatial hearing. Also, the animal work has been focused primarily on neuroscience processes underlying the normal bimodal auditory-visual representation in the midbrain, rather than on the behavioral effects of visual deprivation. In any event, we believe that a full understanding of the effects of visual disabilities on the development of spatial hearing will have to take into account the fact that humans acquire excellent sound localization in the absence of visual experience during development.
The profession of orientation-and-mobility training is focused on assisting persons with visual disabilities to acquire the travel skills needed to get around in everyday life (Hill and Ponder 1976) . On the basis of our findings, orientation-and-mobility instructors should expect children with visual disabilities to have average to aboveaverage spatial hearing, unless there are obvious extenuating circumstances such as the presence of a hearing loss. Children should be able to notice very small changes in the location of a sound source (in all three spatial dimensions), and to reach and walk fairly accurately to the locations of sound sources. A rule of thumb is that any spatialhearing situation which is clear to the instructor will probably also be clear to the child, although this may not apply to complicated scenarios such as the pattern of traffic flow at a busy intersection. It should be noted that we did not test many children younger than 8 years of age, so these findings might not generalize to younger children. However, we suspect that the findings would hold true for children as young as 3 or 4 years of age, because developmental assessments of spatial hearing in children without visual disabilities indicate little change after about 2 years (Litovsky 1997 ).
The conclusion that children with visual disabilities have good spatial hearing is encouraging. It is still a major challenge, however, to learn more about how spatialhearing abilities can be used in critical travel situations. As an example, listening to traffic sounds is a key component of safe street crossing, yet we are only beginning to understand what auditory information is most useful for this task (Guth et al 1989) . Recent developments in perceptual psychology, building on Gibson's (1966) ideas, show promise for the understanding of motion-related spatial information (Ashmead et al 1995; Lee 1990; Rosenblum et al 1993; Speigle and Loomis 1993) . Further work should endeavor to describe the acoustic information used in travel situations and determine whether persons with visual disabilities would benefit from training in the use of the relevant auditory information.
Our findings are encouraging with regard to the ability of children with visual disabilities to use their spatial hearing to get around. However, the impression that their space perception is equal to or better than that of children without visual disabilities must be qualified. One qualification is that adults with visual disabilities tend to have problems with wayfinding that involves spatial inferences (Rieser et al 1980 (Rieser et al , 1992 . It appears that spatial hearing does not contribute strongly to the ability to 'map' the surroundings in a way that is not centered on the listener. When people without visual disabilities move about with their eyes open, they experience abundant visual specification of the relative locations of things. The purely auditory experience is probably much more limited, since the comparable geometry would require two or more discrete sound sources, and even then it is not clear that audition contributes to spatial cognition as effectively as does vision. The encouraging prospect from our findings is that it might be possible to design auditory-training programs for learning spatial layouts and, in the process, one could safely assume that most children with visual disabilities can localize sound sources quite well.
Another qualification we must consider is that it seems paradoxical that children with visual disabilities have excellent spatial hearing whereas most infants with severe congenital visual disabilities are motorically delayed and unresponsive to sound Fraiberg 1974, 1976; Fraiberg 1977; Fraiberg et al 1966) . This is perhaps understandable if one considers several points about the development of spatial hearing. First, it is widely agreed that the lack of responsiveness to sounds by infants with visual disabilities reflects cognitive rather than perceptual factors, specifically an apparent lack of awareness that there is a world of objects to be engaged. This is a difficult developmental issue, since the best efforts of skilled and attentive parents and educators to stimulate infants' interaction with objects generally have failed to keep motor development going at a rate typical for children with sight. Second, when infants with visual disabilities do start responding to sounds, especially by reaching for them, they appear to be quite capable of localizing them, in terms of both direction and distance. To our knowledge there have not been formal tests of this localization ability, but in clinical accounts there is no mention of infants or toddlers reaching or crawling to the wrong place (eg Fraiberg 1977) . Therefore, it appears that good sound localization can develop in the absence of much direct physical contact with objects making sounds. Perhaps one factor which helps is that infants can experience the systematic effects of their own head and body movements on the structure of sound cues for sound localization. Third, the normal developmental course of sound localization is quite protracted, with minimum audible angles still improving well into the second year after birth and perhaps even later into childhood (Litovsky 1997) . Children with visual disabilities do start responding to sound-producing objects by around 1 year after birth, a period in which the developmental improvement in sound localization is still occurring. With all of these factors taken into account, perhaps it is not so difficult to reconcile the delayed responsiveness to sounds during infancy with the finding that older children with visual disabilities have such good spatial hearing. Nevertheless, there is a clear need for continued efforts to enhance the responsiveness to sounds by infants with visual disabilities.
The main point of our findings is that, in humans, average to above-average spatial hearing develops even with a life history of little or no visual experience. We suggest that children with visual disabilities have the same fundamental spatial-hearing abilities as individuals with sight. Our findings are not consistent with a deficit model which assumes that visual input is necessary for the calibration of spatial hearing, nor do they suggest that there is any compensation beyond the normal range of human spatial hearing. The most parsimonious account seems to be that vision normally plays a facilitative but not a necessary role in the development of spatial hearing. We believe that further progress will be made by assuming that individuals with visual disabilities have essentially normal spatial hearing, and working with innovative models of how spatial hearing can contribute to effective performance in mobility and travel tasks.
